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1

IDEALIZED NONVOLATILE OR
PERSISTENT MEMORY BASED UPON
HIERARCHICAL ADDRESS TRANSLATION

PRIORITY/INCORPORATION BY REFERENC.

L1l

This document 1s a continuation of U.S. Utility patent
application Ser. No. 15/690,006, filed on Aug. 29, 2017 on
behalf of first-named inventor Robert Lercarn for “Memory
Controller with multimodal control over memory dies,”
which 1n turn claims priority to U.S. Utility patent applica-
tion Ser. No. 15/074,778, filed on Mar. 18, 2016 on behalf

of first-named inventor Robert Lercari for “Expositive Flash
Memory Control” (1ssued on Oct. 10, 2017 as U.S. Pat. No.

9,785,572). U.S. Utility patent application Ser. No. 15/074,
7’78, 1 turn, 1s a continuation of U.S. Utility patent appli-
cation Ser. No. 14/880,529, filed on Oct. 12, 2015 on behalf
of first-named inventor Robert Lercari for “Expositive Flash
Memory Control” (1ssued on Jan. 10, 2017 as U.S. Pat. No.
9,542,118). U.S. Utility patent application Ser. No. 14/880,

529 1n turn claims the benefit of: U.S. Provisional Patent

Application No. 62/199,969, filed on Jul. 31, 2015 on behalf
of first-named 1nventor Robert Lercar1 for “Expositive Flash

Memory Control;” U.S. Provisional Patent Application No.
62/194,172, filed on Jul. 17, 2015 on behalf of first-named
inventor Robert Lercar1 for “Techniques for Memory Con-
troller Configuration;” and U.S. Provisional Patent Applica-
tion No. 62/063,357, filed on Oct. 13, 2014 on behalf of
first-named inventor Robert Lercarnn for “Techniques for
Memory Controller Configuration.” U.S. Utility patent
application Ser. No. 14/880,529 1s also a continuation m-part
of U.S. Utility patent application Ser. No. 14/848,273, filed
on Sep. 8, 2015 on behalf of first-named inventor Andrey V.
Kuzmin for “Techniques for Data Migration Based On
Per-Data Metrics and Memory Degradation,” which in turn
claims the benefit of U.S. Provisional Patent Application No.
62/048,162, filed on Sep. 9, 2014 on behalf of first-named
inventor Andrey V. Kuzmin for “Techniques for Data Migra-
tion Based On Per-Data Metrics and Memory Degradation.”™
The foregoing patent applications are each hereby incorpo-
rated by reference, as are U.S. Patent Publication 2014/
0215129, for “Cooperative Flash Memory Control,” and
U.S. Utility patent application Ser. No. 14/047,193, filed on
Oct. 7, 2013 on behalf of first-named inventor Andrey V.
Kuzmin for “Multi-Array Operation Support And Related
Devices, Systems And Software.”

TECHNICAL FIELD

The disclosure herein relates to non-volatile data storage
and retrieval within semiconductor memory.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of example,
and not by way of limitation, in the figures of the accom-
panying drawings and 1n which like reference numerals refer
to similar elements.

FIG. 1 1llustrates an embodiment of a multi-modal flash
memory device and its interconnection to a host system.

FIG. 2 1llustrates an exemplary application and configu-
ration of a tlash device having a pseudo-expositive memory
controller within a host system.

FIG. 3 illustrates an exemplary tflash memory device in
which discrete block devices may be configured and allo-

cated as described 1in FIG. 2.
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FIG. 4 illustrates an exemplary block device allocation
and configuration within the flash device of FIG. 3 efiected

using the block device allocator described in reference to
FIG. 2.

FIG. § illustrates a host perspective of the exemplary
block device allocations and configurations presented in
FIG. 4.

FIG. 6 1illustrates an exemplary pair of block device
configurations.

FIG. 7 illustrates exemplary generation of a physical
block address in response to an incoming LBA.

FIG. 8 1illustrates a conceptual implementation of an
address generation module.

FIG. 9 illustrates exemplary virtualization of erase units
within a four-die block device.

FIG. 10 demonstrates an exemplary sequence of opera-
tions coordinated between a pseudo-expositive {flash
memory controller and a host file server.

FIG. 11 illustrates forward (and reverse) compatibility
between successive flash generations enable by a pseudo-
expositive flash architecture provided by the teachings
herein.

FIG. 12 illustrates detail regarding pseudo-physical
geometry export options within a flash device having multi-
plane flash dies.

FIG. 13 illustrates additional operations that may be
managed by embodiments of pseudo-exposition.

FIG. 14 illustrates a memory controller integrated circuit
(1IC).

The subject matter defined by the enumerated claims may
be better understood by referring to the following detailed
description, which should be read in conjunction with the
accompanying drawings. This description of one or more
particular embodiments, set out below to enable one to build
and use various implementations of the technology set forth
by the claims, 1s not intended to limit the enumerated claims,
but to exemplity their application to certain methods and
devices. The description set out below exemplifies address-
ing schemes and supporting, methods, devices, structures
and systems. Such techniques can be practiced 1n one
embodiment by a host, in another embodiment by a memory
controller (e.g., within a single drive or across multiple
drives), in another embodiment by a flash memory device
(e.g., die or integrated circuit) and 1n yet another embodi-
ment by a host or memory controller cooperating with one
or more other circuits. This disclosure also provides
improved designs for a memory controller, host, memory
devices, a memory system, a subsystem (such as a drive,
¢.g., a solid state drive or “SSD”), and associated circuitry,
firmware and addressing methodology. The disclosed tech-
niques can also be implemented 1n software or instructions
for fabricating an integrated circuit (e.g., a circuit design file
or field programmable gate array or “FPGA” configuration).
While the specific examples are presented, particularly in the
context of flash memory, the principles described herein may
also be applied to other methods, devices and systems as
well.

DETAILED DESCRIPTION

A memory controller that subdivides an 1incoming
memory address into multiple discrete address fields corre-
sponding to respective hierarchical groups of structural
clements within a target nonvolatile semiconductor memory
system and 1n which at least one of the discrete address fields
constitutes a virtual address for the corresponding physical
clement within the structural hierarchy is disclosed 1n vari-
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ous embodiments. Through this hierarchical subdivision, the
virtual address portion of the incoming memory address 1s
ensured to resolve to an element within the physical bounds
of a larger (hierarchically-superior) structure, but may be

freely mapped to any of the constituent physical elements of 5

that larger structure. Accordingly, a host requestor may issue
logical memory addresses with address fields purposetully
specified to direct read, write and maintenance operations to
physically distinct structures within the memory system 1n a
manner that limits performance-degrading contlicts while
the memory controller remains iree, by virtue of one or more
virtualized address fields within the incoming logical
addresses, to virtualize localized groups of physical struc-
tures and thus mask defective structural elements and swap
operational structural elements 1nto and out of service, for
example, as they wear or otherwise require maintenance.
In other embodiments presented herein, the net storage
volume of a nonvolatile semiconductor memory system 1s
subdivided 1into discrete performance-isolated storage
regions based on specified system requirements and under-
lying memory system geometry and performance character-
istics, with each such storage region being mapped by an
independent linear range of logical addresses. Accordingly,
cach performance-isolated storage region may be presented
to one or more host access requestors as an 1dependent
block device (1.e., mass storage unit having a continuously
mapped logical address space) so that the nonvolatile
memory system may be perceived by that host as being
constituted by multiple discrete block devices, each having
its own performance characteristics and address space.
Moreover, the mapping of the logical address space within
a given block device, referred to herein as “address space
layout,” may vary from one block device to another (e.g.,
sequential addresses within logical address ranges of respec-
tive block devices may be distributed within the structural
hierarchy of the memory system in different order) to yield
configurable and varied block device characteristics 1n terms
of endurance and I/O bandwidth. Further, multiple different
address space layouts may be applied within different “sub-
spaces” of a given block device (1.e., discrete portions of the
block device’s address range) with, for example, addresses
in one subspace being sequentially applied to structural
clements at different hierarchical levels of the memory
system 1n a different order than 1n another subspace. Also, 1n
a number of embodiments, system requirements specified
(e.g., by a user/system designer) in terms of block device
capacity and performance metrics including, without limi-
tation, read and write bandwidth requirements and minimum
data transfer size required by the block device, are auto-
matically translated into corresponding configuration and
allocation of structural elements as necessary to meet the
high-level requirements, with such configuration and allo-
cation optionally being programmed directly into the non-
volatile memory subsystem and/or corresponding block
device definition reported to a host access requestor. By this
approach, a system designer may configure and allocate
block devices according to performance requirements of the
application at hand without having to resort to the complex
and error-prone task of allocating and configuring numerous
physical resources within the nonvolatile memory system
individually. Moreover, 1n a number of embodiments, high-
level performance requirements specified to configure and
allocate block devices within a given memory subsystem
may be used to enable forward-compatible allocation and
configuration of like-performance block devices within
next-generation memory subsystems and thus enable seam-
less memory subsystem replacement (with or without data
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migration) and/or supplement with next-generation tech-
nologies. These and other embodiments, features and ben-
efits are described 1n greater detail below in reference to
exemplary drawing figures.

The nonvolatile memory subsystem in which a number of
embodiments are detailed herein 1s presented as a flash
memory device forming in whole or part a solid state disk
drive (SSD); the tlash memory device can be hierarchically
arranged 1n multiple wired signaling channels each coupled
to multiple flash memory dies, with each die including
numerous individually erasable storage units (“erase units”™
or erase blocks or flash blocks) distributed 1n one or more
access planes, and with each erase unit including numerous
pages constituted by a predetermined number of single-bit or
multi-bit nonvolatile storage cells (1.e., channels, dies, erase
units and pages constitute, for example and without limita-
tion, respective hierarchical physical elements within the
flash memory device). For example, 1n one embodiment, a
memory controller within the flash memory system (e.g.,
within the drive or SSD) subdivides each incoming “logical
block address™ (LBA) 1nto respective channel, die, erase unit
and page address fields, any or all of which may be virtual
addresses, and resolves a commanded read or write access to
a specific channel indicated by the channel address field, a
specific die indicated by the die address field, a specific erase
umt indicated by the erase umt field (including possible
resolution to two or more erase units in the case of multi-
plane command sequences) and a specific page indicated by
the page address field (including possible resolution to two
or more pages in the case of a multi-page operation).

Numerous specific details relating to flash memory device
technology including, for example and without limitation,
erase granularity limited to whole erase units (a fundamental
characteristic of flash memory), usage-induced storage cell
wear (1.e., as program and erase cycles involve destructive
charge-carrier passage through isolating oxide layers) and
finite storage cell retention times (largely due to leakage
from ftloating storage cells which increases as feature sizes
shrink 1n successive device generations) and disparate data
write (or “program’”) timing and read timing constraints,
bears on 1mplementation and/or operational details of a
number of embodiments presented below. In all cases, such
details may change or be omitted when not required by the
underlying memory technology. Thus, while the various
embodiments presented herein are described 1n the context
of flash memory devices, the structures and techniques
disclosed are not so limited and may be applied with respect
to any underlying memory technology wherever beneficial
including both nonvolatile and volatile memory technolo-
g1es.

FIG. 1 illustrates an embodiment of a multi-modal flash
memory device (“flash device”) and its interconnection to a
host system or device, referred to herein as the “host.” As
shown, the flash device includes multiple flash memory dies
coupled to a multi-modal flash memory controller (MC). It
should be understood that the memory controller 1s depicted
in multiple locations within the figure, to 1llustrate difierent
modes of operation; the memory controller itself includes a
mode register or other configuration circuit which, when
programmed by the host or pre-programmed during or after
flash device production, enables the flash device to be
selectively operated 1 any one of at least four different
memory control modes including a physical access mode
112, a linearly virtualized mode 114, a cooperative manage-
ment mode 116, and a hierarchically virtualized mode 118.

In physical access mode, shown generally at 112, the flash
device takes little or no autonomous action and instead
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merely executes read, write and erase requests at the direc-
tion of the host. Thus, the host 1s fully aware of the
underlying tlash device geometry (shown, in this conceptual
example, as three tlash memory dies each having five erase
units) and 1ssues a physical block address (PBA) with each
read/write request—that 1s a memory address having a fixed,
one-for-one correspondence to a logical storage block (e.g.,
smallest addressable unit of data storage) within the collec-
tive storage space formed by the constituent flash dies of the
flash device. An address received by the memory controller
from the host 1s substantially 1dentical to the address trans-
mitted from the memory controller to memory; that is, the
physical access mode enables executions of flash memory
input/output operations (I0OPs) with theoretically minimal
latency (1.e., no address translation 1s needed and the host
can schedule IOPs 1n a manner that avoids resource contlicts
due to full awareness of the underlying physical hardware
and limitations thereot). In this mode, however, the host 1s
burdened with numerous complex and hardware-specific
media management tasks, including discovery and avoid-
ance of fTailed structural elements (especially erase units and
dies), leveling otherwise disparate wear between different
erase unmts (“wear leveling”), reducing storage fragmenta-
tion (“garbage collection”) as the ratio of partially filled
erase units to available continuous storage space rises, and
refreshing (1.e., re-writing 1n a new location) data nearing its
retention time limit (“scrubbing” aged data). Thus design
and implementation of a host system needed to interact with
and manage the flash memory in physical access mode can
become tremendously complex and, making matters worse,
may require substantial and expensive re-design as new
generations of flash memory devices become available.
Still referring to FIG. 1, 1f physical access mode repre-
sents an extreme burdening of the host 1n return for poten-
tially mimmimized 10P latency, the linearly virtualized mode
shown at 114 represents the opposite extreme. In linearly
virtualized mode, a tlash translation layer (F1L) and media
management engine are enabled within the memory con-
troller to present the aggregate storage of the flash device
(1.e., collective storage area within the three tlash memory
dies) to the host as a simple linear address range 1n which all
media management operations are executed transparently
(1.e., without host visibility or responsibility). While the FTL
and under-hood media management tremendously simplifies
host design and implementation, the cost of that simplicity
1s a substantial degradation of flash device performance and
capacity. For example, because every logical block address
issued by the host (e.g., LBA1-1, LBA1, LBA1+1, LBA1+2
as shown 1n FIG. 1) may map to any storage location within
the flash device (e.g., any page within any erase unit within
any die on any signaling channel within the flash device),
translation time tends to be substantial and 1ncreases expo-
nentially as flash capacity grows (1.e., 1n new generations of
flash devices). Worse, because the mapping of logical block
addresses to underlying storage locations 1s invisible to the
host, the host 1s unable to avoid sequential 1ssuance of
logical block addresses that resolve to the same flash die,
meaning that resource conflicts may arise at random. From
the host perspective, the 1I/O latency (1.e., time required to
complete an I/O) 1s simply unpredictable and may, at any
instant, grow many times beyond the native operational time
imposed by the underlying flash die hardware. This unpre-
dictable latency 1s made even worse by the memory con-
troller’s autonomous scheduling of flash maintenance opera-
tions (1.e., garbage collection, wear-leveling, data scrubbing)
cach of which tends to involve numerous memory-control-
ler-imtiated write operations followed by one or more rela-
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tively slow erase operations and thus may dramatically
increase the I/O latency perceived by the host.

Continuing with the linearly virtualized controller mode
114, the memory controller’s responsibility for flash main-
tenance requires that it keep substantial storage regions in
reserve. Even more space 1s typically reserved to reduce the
probability of worst-case resource conflict scenarios (1.e.,
limit occurrence of system-buckling long-latency I/0
events). As a result, the overall flash memory capacity made
available to the host 1n linearly-virtualized mode (i.e., the
space encompassed by the linear LBA range) 1s generally
substantially less than the physical capacity of the device.
This “overprovisioning’ of the physical storage space to
meet a host-desired capacity and performance 1s exacerbated
by the need for nonvolatile storage of the ever-growing FTL
translation table (i.e., growing as the flash device capacity 1s
consumed, and growing with new generations of more
capacious tlash devices) within the nonvolatile flash storage
itsellf.

Still referring to FIG. 1, the cooperative management
mode shown at 116 achieves the performance advantages of
physical access mode by exposing the underlying flash
geometry to the host, but limits the host’s flash management
burden by gathering statistics needed to manage flash main-
tenance operations and by notifying the host when mainte-
nance 1s required. The general approach 1s enumerated 1n the
detail view of cooperative management mode and 1n which
the host (1) requests and receives a physical geometry
description from the memory controller (referred to herein
as a “geometry export”) and then (2) defines an address
assignment 1 which the linear block address range of the
host file system 1s mapped directly onto the physical block
address within the underlying flash storage. In the particular
example shown, a defective and unavailable erase unit
marked by ‘B’ 1s reported to the host by the memory
controller and noted within the LBA-to-PBA address map.

Hierarchically virtualized mode, shown for example at
118, takes cooperative management mode a significant step
forward by presenting to the host an 1dealized view of
underlying physical structures within the flash memory
device. That 1s, as 1n cooperative management mode, the
host requests a physical geometry description from the
memory controller, but the memory controller returns,
instead of a true physical description with all attendant
details regarding defective storage and other realities, an
idealized or pseudo-physical description of the underlying
geometry that enables abstraction of the underlying flash
memory structures without loss of coherence with respect to
boundaries between hierarchical structures. Thus, in the
hierarchically-virtualized example shown, the memory con-
troller informs the host that the aggregate flash storage 1s
subdivided among three flash dies and that four erase units
are available within each flash die, holding in reserve some
number of erase units (or dies or any other resource likely to
fail over time) as necessary to maintain a static idealized
perspective of the underlying flash geometry for the host.
Accordingly, despite the defective erase unit (‘B’) within the
center tlash die or even run-time detected failure of erase
units within the other two flash dies, the host perceives a
defect free set of physically extant dies and erase units
theremn. This pseudo-physical host perspective may be
appreciated by comparing the host-percerved flash device
architecture (three defect-free dies, each having four erase
units) shown by the LBA to pseudo-physical block address
(PPBA) mapping at 121 with the memory controller map-
ping of the LBAs to underlying physical block addresses
(PBAs) as shown at 123. Whereas the host perceives a linear
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address mapping to the idealized physical storage (i.e.,
pseudo-physical storage), the memory controller maps the
L.BAs discontiguously, skipping over reserved and defective
erase units, and thus virtualizing the pool of erase units
within each individual flash die while maintaining the physi-
cal boundary between dies as reported to the host. Contrast-
ing the cooperative management and hierarchically virtual-
1zed operating modes shown 1n FIG. 1, the controller fully
exposes the physical flash hardware in the cooperative
management mode and exposes a pseudo-physical hardware
set 1n the hierarchically virtualized mode and 1s thus referred
to herein alternately as an expositive or pseudo-expositive
memory controller when operating in those respective
modes, with the pseudo-expositive memory controller being,
a specialized instance of the more general expositive
memory controller.

Note that 1n the cooperative management mode 116 and
the hierarchically wvirtualized mode 118, some limited
amount ol address translation can be performed at the
memory controller, e.g., by translating the address of one
block 1n the hierarchy (e.g., erase unit) while preserving
logical location level at other address levels (e.g., preserving
page ordering within a remapped erase unit); 1 the coop-
erative management mode 116, such remapping can be
temporary (e.g., with the host ultimately being informed for
example of bad block remappings, for example), and in the
hierarchically virtualized mode 118, such remapping can be
transparent, with a memory controller deriving for example,
any of erase unit, page, die, plane, device, channel or other
hierarchical address distinctions while preserving address-
space division (e.g., logical order) at other levels. Among
other advantages, this architecture provides for greatly sim-
plified address translation (e.g., which can optionally be
implemented entirely 1n hardware), and facilitates configur-
able and predictable /O latency, and greatly shortens
address translation time and associated complexity.

FI1G. 2 1llustrates an exemplary application and configu-
ration of a tflash device having a pseudo-expositive memory
controller (1.e., multi-mode memory controller operating 1n
a pseudo-expositive mode, or memory controller having
only a pseudo-expositive operating mode) within a host
system. In the particular embodiment shown, an interactive
block-device designer/allocator 1s executed within either the
flash device, host system and/or separate computing device
to obtain flash device geometry and performance character-
istics and interact with a system designer (1.e., user, system
architect or other human operator or programmed 1ntelli-
gence) to define and allocate one or more discrete perfor-
mance-isolated storage regions within the flash device. The
block device designer/allocator (“block device allocator™ for
short) supplies parameterized descriptions of each allocated
flash storage region to a host file system (1.e., one or more
threads or processes executed on a host computing system to
carry out file storage, retrieval and maintenance operations
with respect to files and other data objects) which, accord-
ingly perceives each such flash storage region as a linear
range of logical block addresses and thus as an independent
block device.

Still referring to FIG. 2, and more specifically to the
exemplary operational flow at 151, the block device alloca-
tor mitially requests and receives geometry and performance
data from the flash device and/or a device library at 155. In
the embodiment shown and a number of embodiments
described below, the geometry mformation includes hierar-
chical topology information including, for example and
without limitation, (1) the number of independent flash-die
access channels (also referred to herein as “signaling chan-
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nels” or simply “channels™) coupled to or otherwise acces-
sible by the memory controller, (2) the number of discrete
flash dies coupled to each access channel, (3) the number of
erase-unit planes (or “planes” for short) within each flash
die, (4) the number of erase units within each plane, (5) the
number of pages per erase unit and (6) the storage capacity
of each page. In general, each of the device geometry
parameters may be a physical (1.e., actual) or pseudo-
physical representation of the corresponding underlying
hierarchical structure (e.g., channels, dies, planes, erase
units or pages). Performance data, which may be viewed as
part of the geometry export, may include for example and
without limitation, (a) the nominal programming time of a
physical page within the erase umit of a flash die (i.e.,
“Urroc  also referred to herein as the page write time), (b)
the nominal read time of the physical page (t,. ), (c) the
nominal time required to erase contents within an erase unit
(tz» o), (d) the data transier bandwidth over an individual
access channel (Chan BW), (e) the data transfer bandwidth
of the host mterface (H-Intf BW), (1) various performance
enhancement/optimization functions that may be available
(e.g., multi-page functionality, read caching, write caching,
etc.), and so forth.

At 157, the block device allocator determines the avail-
able block device profiles (i.e., physical and performance
characteristics of different configurations of physical
resources within the flash device) accounting for any pre-
existing allocations. Assuming that no block devices have
been allocated at this point and thus that resources suilicient
for further block device definition remain within the flash
device (1.e., negative determination at decision 139), then
the block device allocator displays (e.g., 1n a visible display
or other user interface of the computing device 1n which the
block device allocator 1s instantiated) available block device
profiles and the allocable quantities of each as shown at 161,
prompting the user/designer to select one or more block
device profiles and their desired allocation quantities. Upon
receiving user mput specitying a quantity of block devices
having a given profile (and possibly multiple different
proflles and respective quantities) at 163, the block device
allocator prompts the user/designer to specity, for each block
device to be allocated, whether the LBA range of the block
device 1s to be uniformly sequenced among the hierarchical
structures of the tlash storage region to be allocated (e.g.,
channels, dies, erase units, pages) thus establishing a uni-
form address space layout (ASL) for the block device, or
whether the address space layout 1s to be varied within one
or more “subspaces” of the block device (1.e., “sub-ranges”
of the overall LBA range for the block device). I subspace
ASL 1s desired (athirmative determination at 163), the user 1s
prompted to specily one or more specialized LBA ranges
(1.e., LBA ranges having ASLs different from the otherwise
uniform ASL corresponding to the block device profile).
After rece1ving subspace ASL specifications, if any, for each
user-requested block device, the block device allocator
programs block device configuration registers 169 within the
flash device (thereby allocating individually configured
block devices within the flash device) and notifies the host
file system of the block device allocation, supplying, for
example a parameterized description of each block device
that informs the host file system of the block device capacity
(thus establishing the LBA range of the block device for a
given LBA granulanty), write bandwidth, read bandwidth
and minimum data transier size.

Note that the LBA granularity (i.e., size of a logical block
ol data—mnot to be confused with a block device which will
typically hold millions of logical blocks of data each having
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a respective LBA) may be programmed within the block
device configuration registers or other configuration storage
of the flash device to enable a variable user-specified number
of LBAs to span each physical page of storage within the
flash device. Similarly, as discussed in greater detail below,
the size of a logical quantum of data, referred to herein as a
“host data segment” or “segment” and that constitutes a
fundamental unit of storage allocation operated upon by the
host file system, may be programmed within the block
device configuration register to enable the memory control-
ler to associate discrete sets of physical storage structures
(¢.g., an integer number of erase units within a given block
device) with respective segments and thereby facilitate
coordinated file-system and flash device management opera-
tions.

Continuing with the block device allocator flow, after
programming the block device configuration registers and
exporting corresponding block device parameters to the host
file system at 169, the block device allocator returns to the
space availability evaluation at 157, and determines the
block device profiles and quantities thereof that remain
available for allocation after accounting for any prior allo-
cations at 169. If all available block devices are determined
to have been allocated (1.e., all resources reported to be
available by the flash memory device and/or library descrip-
tion of the flash memory device have been allocated 1n a
block device definition or respective block device defini-
tions), then the block device design/allocation operation 1s
deemed complete and the block device allocator terminates.
Though not specifically shown, the designer/user of the
block device allocator may also terminate the block device
allocation sequence without allocating all flash resources.

Reflecting on the block device allocation sequence shown
in FIG. 2, it should be noted that numerous additional
provisions and or options may be implemented 1n various
embodiments. For example, istead of executing the flash
memory/file system configuration operation at 169 in each
loop iteration, the block device allocator may accumulate an
internal set of flash device and flash memory configuration
parameters 1 each loop iteration, prompting the user/de-
signer to review a comprehensive allocation plan before
proceeding with flash device programming and/or file sys-
tem notification. Also, mstead of 1ssuing configuration com-
mands/parameters to the tlash memory device and/or host
file system, the block device allocator may write configu-
ration information to one or more configuration files (or
other data objects) for later delivery to actual flash memory
devices or host file systems. Further, instead of iteratively
prompting a user to select from among available block
device profiles (which selection constitutes an implied or
explicit user/designer specification of block device charac-
teristics, including logical block size, read bandwidth, write
bandwidth, capacity, transfer size, endurance metric, etc.),
the block device allocator may 1nitially receive desired block
device performance parameters from a user/designer and
thus proceed from the user’s initial performance specifica-
tion to resolve block device allocations. In yet other embodi-
ments, the quantity of block devices and/or their individual
characteristics may be determined in whole or part by
user/designer specification of aggregate read or write band-
width within the flash device as a whole (together with other
“overall device” requirements, such as a minimum segment
s1ze, logical block size and/or transfer size), with the block
device allocator allocating and configuring, for example, a
mimmum or maximum number of block devices as neces-
sary to meet those aggregate requirements. Accordingly, the
iterative block device allocation sequence shown 1n FIG. 2
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should be understood as but one of many possible block
device allocation schemes which may be deployed 1n dii-
ferent embodiments or configurations.

FIG. 3 illustrates an exemplary flash memory device 1n
which discrete block devices may be configured and allo-
cated as described 1n FIG. 2. For purposes of explanation
and understanding only, a specific flash device geometry and
set of performance metrics are shown in FIG. 3 and carned
forward 1n a number of embodiments described in reference
to following figures of the drawing. In all such cases, the
specific geometries (e.g., numbers of physical elements at
cach hierarchy within the flash device structure including,
without limitation, access channels, flash dies per channel,
planes per flash die, erase units per plane, pages per erase
unit, page size, page read and write times ({r -, » and to552),
channel bandwidth and host interface bandwidth, number of
host interfaces, etc.) may be different from those shown in
FIG. 3.

With that understanding, 1t can be seen that the exemplary
flash device 1n FIG. 3 includes a memory controller coupled
to 16 access channels (chO . . . chl6), with each access
channel coupled to eight flash dies, each tlash die having two
planes, and each plane containing 1124 erase umts (2248
erase units per die), and each erase unit containing 256 pages
cach containing a number of flash memory cells (e.g.,
NAND memory cells, though NOR or flash memory cell
configurations may be deployed 1n alternative embodiments)
suilicient to store 16 kilobytes (kB) of data. As an aside,
references to volumes of data herein are generally intended
to mean a power ol two quantity so that KB, MB, GB, TB,
etc. refer respectively to 2'°, 2°°, 2°°, 2*°, etc. byte of data
(sometimes designated by KiB, MiB, 1B, TiB and so forth).

Continuing with the flash memory embodiment shown 1n
FIG. 3, for purposes ol example, 1t 1s assumed that the
geometry exported to the block device allocator accurately
reflects the underlying structural/physical hierarchy in all
aspects but one—that the number of erase units per plane 1s
reported pseudo-physically as 1024 (i.e., 2*° and thus 2'* or
2048 erase units per die) mstead of 1124, meaning that 100
erase units per plane and thus 200 erase units per die are held
in reserve. As explained below, this erase unit reservation or
“spare pool” enables the memory controller to virtualize the
available erase units within each die and thus mask defective
erase units from host visibility and swap erase units into and
out of service as storage for respective LBA ranges of an
allocated block device without impacting the host perspec-
tive of the block device or the flash device as a whole. Also,
it bears emphasis that each virtualized collection of erase
units 1s confined to the individual flash die (or even the
individual planes, depending on block device configuration)
containing the corresponding physical erase units. That 1is,
while a given LBA that resolves to a flash die may include
a virtualized erase-unit address field (an example of a
discrete address field within the LBA corresponding to a
group of physical elements within a structural hierarchy—
erase units 1n this case), the LBA 1s nonetheless guaranteed
by design to resolve to a physical erase unit with the
LBA-specified physical die on the LBA-specified physical
channel. More generally, as discussed 1n greater detail
below, while any address fields (1.e., contiguous or discon-
tiguous ranges of bits within an mmcoming L BA) correspond-
ing to a hierarchical group of structures (e.g., channels, dies,
erase units, pages) may be virtualized such that one or more
of the corresponding hierarchical structures may be held 1n
reserve, the address-space division between the hierarchical
structures 1s maintained. Thus, once the channel field of an
LBA 1s resolved to a particular channel, 1t 1s assured that,
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despite possible virtualization of the sub-hierarchical fields
(1.e., die field, erase unit field and/or page field within the
LLBA), the LBA will ultimately resolve to a physical page on
a physical die on that particular channel. This principle holds
true for each level of the structural hierarchy so that once the
LBA 1s resolved to a particular die, 1t 1s assured that the
remaining erase unit and page fields, even 1f one or both are
virtualized, will resolve to a physical page within that die,
and likewise an LBA resolved to a particular erase unit 1s
assured to specily a physical page within that erase unit,
despite possible virtualization of the LBA’s page field.
Through this arrangement, it becomes possible to virtualize
physical structures at each hierarchical level within the tlash
device while guaranteeing access to discrete subdivisions of
the flash storage and thereby permitting, for example, speci-
fication of discrete subsets of dies and channels (or even
finer-grained hierarchical elements where 1t makes sense to
do so) to respective block devices specified within the block
device configuration storage.

FIG. 4 illustrates an exemplary (and not necessarily
complete) block device allocation and configuration within
the flash device of FIG. 3 eflected, for example, using the
block device allocator described in reference to FIG. 2. As
shown, five block devices, BD0-BD4, are allocated, with
cach block device being constituted by one or more flash
dies that are collectively associated with one or more
memory channels (1.e., 1n this example, the smallest allo-
cable block device 1s a single flash device). The block device
configuration storage (BD Config) includes a block device
lookup table (BD LUT) that 1s indexed by a block device
identifier (BD1d which may be, for example, a namespace or
other handle or identifier) and holds, for example and
without limitation, a specification of the one or more chan-
nels spanned by the block device (1.e., “constituent chan-
nels”) and the one or more dies on the constituent channels.
For instance, block device 0 (BDO) spans channels 0 and 1,
and 1ncludes dies O and 1 on the constituent channels and
thus includes four flash dies 1 all. Block device 1 1s
similarly defined as encompassing a 2x2 set of tlash dies, but
spans channels 2 and 3 instead of 0 and 1 and thus forms an
entirely discrete storage area (1.e., no physical overlap) with
respect to block device 0. Block device 2 spans a single
channel (channel 0) and flash dies 2-5 on that channel, and
thus also constitutes a four-die block device, but without the
channel parallelism of block devices 0 and 1 (i.e., a 1x4
block device instead of a 2x2 block device). Block device 3
1s also a four-die 1x4 block device, but 1s constituted by
allocation of dies 2-5 on channel 1 instead of channel 0.
Lastly, block device 4 1s a 16-die block device that includes
a single die (die 6) all 16 channels—that 1s, a 16x1 block
device. Thus, of the overall set of five allocated block
devices, Tour block devices (BD0-BD3) include discrete sets
of four constituent dies and thus have a 32 GB pseudo-
physical storage capacity (1.e., each die includes a pseudo
physical count of 2048 erase units, each containing 256 16
KB pages and thus 2''#*2%%2'* bytes or 8 GB) and the fifth
block device (BD4) includes a discrete set of sixteen dies
and thus a 128 GB pseudo physical storage capacity. Also,
in this particular example, the channel and die i1dentifiers
recorded within the block device lookup table correspond
one-for-one with underlying physical channels and dies
within the flash device as neither of those elements of the
structural hierarchy are virtualized. In alternative embodi-
ments or configurations of the flash device, either or both of
those elements may be virtualized.

Continuing with FIG. 4, each entry within the block
device lookup table additionally includes an index to a
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respective set of one or more entries within an ASL lookup
table (ASL LUT), with each ASL lookup table entry includ-
ing ASL (address space layout) parameterizations and fea-
ture control settings for the complete or partial LBA range
of the corresponding block device. In the particular example
shown, ASL/feature-control parameter settings for three
different block devices are illustrated, including a uniform
ASI /feature-control parameterization within block device O
(1.e., parameterization applies uniformly to the entire LBA
range ol the block device—there are no subspace defini-
tions), another uniform ASL/feature-control parameteriza-
tion with block device 2, and another multi-subspace ASL/
feature-control parameterization within block device 4, with
separate ASLs defined for each of multiple LBA ranges
within the block device, only two of which are shown.
Entries for block devices 1 and 3 are also present 1n the ASL
lookup table, but not specifically shown in FIG. 4.

As discussed above, the ASL parameters define the man-
ner in which sequential LBAs are distributed within the
structural hierarchy of the block device and thus indicate the
number of pages within the same erase unit (1.e., “seqPg”)
to which sequential LBAs apply belore progressing to
page(s) 1n the next erase unit, and then the number of erase
units to be sequentially accessed within a given die (“se-
qgEU”) before progressing to the next die, and then the
number of dies to be accessed on a given channel (“segDie™)
before progressing to the next channel. The feature control
parameters include, for example and without limitation,
whether read caching and write caching are to be enabled
(independently settable via the rdC and wrC fields of the
ASL lookup table entry) for the block device or subspace
thereol, the number of pages that may be simultaneously or
concurrently written to or read from within the same erase
umt (nPa), and the number of erase-unit planes to be
concurrently accessed 1n a given write or read command
sequence (nPI). In general, read caching 1s a double-buil-
ering construct that enables data retrieved from an address-
selected storage page and stored within the flash die’s page
register (1.e., a buller element that temporarily holds out-
bound page-read data and inbound page-write data) to be
output from the flash die concurrently with transfer of
subsequently selected storage-page data to the page register,
and write caching 1s a similar double-builering arrangement
that enables concurrency during page-write operations.
Thus, the read and write page caching features, when
enabled, reduce net latency of a sequence of read or write
operations, respectively. In general, page caching scales
(e.g., multiples according to cache depth) the effective size
of the page register and thus correspondingly raises the
minimum data transier size imposed on the host in a given
page read or write operation. For simplicity of understand-
ing, page caching in both the read and write directions 1s
disabled (i.e., “ofl”’) within the exemplary ASL lookup table
entries shown. Multi-page operation (1.e., nPA set to a value
greater than one) and multi-plane operation (nPI set to a
value greater than 1) likewise raise the mimimum data
transier size between the host and memory controller. In the
specific examples shown 1n the ASL lookup table of FIG. 4,
multi-page operation 1s disabled at least within block
devices 0, 2 and 4, and multi-plane operation 1s disabled at
least within block devices 2 and 4. By contrast, dual-plane
operation (nPI=2) 1s specified for block device O, thus
doubling the number of concurrently written pages (a block
device characteristic referred to herein as a “stripe size” or
“frontier width”) as compared to a physically-comparable
block device (e.g., block device 1) configured for single-
plane operation.
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Still referring to FIG. 4, the singular values (‘1) recorded
for the LBA-sequencing ASL parameters within the ASL
lookup table entry for block device O dictate that LBAs are
to be distributed widely through the structural hierarchy of
the flash device with, for example, each page of a sequen-
tially addressed set of four pages (and thus a sequential
range ol 16 LBAs given the sLB=4 KB logical block size
setting) being read or written within a different one of the
four constituent dies of the block device, thus eflecting 4x
(“multiplied-by-four”) parallelism 1n the page read or write
operation and thus approximately a 4x bandwidth increase
over a configuration that directs four sequential page read or
write accesses to the same erase unit within a given die. In
actuality, the dual plane setting within block device 0O
doubles the number of concurrently accessed pages within
cach of the four constituent flash memory dies of block
device 0, thus establishing an 8-page stripe size and thus
read and write bandwidths that are approximately eight
times the baseline single page read and write bandwidths of
a given flash die. By contrast, block device 1 which other-
wise constitutes the same 2x2 die-layout as block device O,
1s configured with a deep (rather than wide) address space
layout and with only single-plane access throughout its LBA
range. Thus, pages falling within a sequential LBA range of
block device 1 are mapped to physical pages within an erase
unit until the end of that erase unit 1s reached (1.e., “Pg/EU™),
with the LBA range thereatter continuing through the physi-
cal pages of a next erase unit and then the next until the final
erase unit (EU/Die) within the die has been traversed, with
the LBA range thereaiter continuing through the pages and
erase units of the next die on the same channel before
carrying over to EUs and dies on an adjacent channel. In
general because the stripe size 1s very narrow (1.€., a single
page and thus as narrow as possible in the exemplary flash
memory die shown), only a single erase unit 1s impacted by
cach page write operation and thus, despite the relatively
low write bandwidth (1.e., 16 KB/t,,, 1n contrast to the
8%16 KB/ts, - bandwidth achieved by the 8x wider stripe
s1ze 1n block device 0), write-induced wear resulting from,
for example, storage of a 16 MB host segment, will occur 1n
only a relatively small number of erase units and dies—four
4 MB erase units within the same die in this example—in
contrast to the storage of each of the 1024 16 KB pages
within a respective one of the 1024 erase units of block
device 0 (1.e., each of the 256 erase units within each of the
four dies 1s written to and thus worn to some degree).
Conceptually, while the total page wear 1s equivalent 1n both
block die configurations (the same number of pages 1s
written), the wear within narrower-stripe-size (1.e., deeper,
but lower bandwidth) block device 1 i1s concentrated within
a much smaller number dies (and potentially erase units as
well), simplifying wear-leveling operations and thus raising,
endurance of the block device as compared to wider, higher-
bandwidth block device 0. In general, all these consider-
ations are made available to the user/system designer in
configuring the block devices, as the designer 1s able to
directly, or with the aid of the block device allocator, specity
ASL and feature-control parameters that strike a design
balance between endurance and bandwidth requirements of
a given application, potentially configuring block devices
having widely varying performance characteristics within

the same flash memory device, as illustrated by block
devices 0-4 1n FIG. 4.

Concluding with FIG. 4, the ASL lookup table includes
multiple entries (and thus multiple subspace definitions) for
block device 4, with an mitial entry specitying a 4K LBA
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16-page stripe size as the write frontier spans all sixteen of
the flash dies within the block device) and another entry
speciiying a subsequent 4K LBA range mapped for endur-
ance (single-page stripe size). One or more other subspace
definitions (not shown) complete the LBA range mapping of
block device 4.

FIG. § illustrates a host perspective of the exemplary
block device allocations and configurations presented in
FIG. 4, showing relative block device capacities by the
area/footprint of the block devices (as will be the case within
the physical flash storage media) and illustrating relative
block device bandwidths according to block device width
(left-to-right across the drawing figure). Thus, block devices
0-3 all have the same four-die, 32 GB capacity and thus have
the same footprint (1.¢., spanning an equivalent area within
the figure), while block device 4, encompassing four times
as many flash dies as each of the other block devices has a
correspondingly larger 128 GB capacity. Also, block devices
0, 1, 2, 3 and 4 are depicted with respective widths according
to their nominal maximum I/O bandwidths of 8x, 1x, 1x, 2x
and 16x, respectively, where each non-unity multiplier
scales the baseline read and write bandwidths (i.e., 1/t~
and 1/t,5 ). As shown 1n detail view 251, the signaling
bandwidth of block device 4 varies according to subspace,
having a high (16x) bandwidth 1n the 1mitial LBA range, and
a 1x bandwidth 1n the LBA range that follows (i.e., 1n
accordance with the respective subspace stripe sizes of 256
KB and 16 KB). Note also that actual block device band-
widths may be constrained by peak channel and/or host
interface signaling rates, particularly in the case of memory
read operations. For example, because the host interface 1s
shared between all block devices (at least 1n the single
host-interface embodiment shown in FIGS. 3 and 4) and
individual access channels may be shared by as many as
eight block devices (or more or fewer according to the
number of flash dies per channel), operations executed in
one block device may cut into the signaling bandwidth
needed for peak-rate operation within another block device,
particularly where numerous high-bandwidth block devices
share the same signaling access channel or a large number
of block devices are allocated within the flash device (which
may saturate the host interface during occasional concurrent
read access within a threshold number of block devices).

FIG. § also presents a non-exhaustive list of flash device
performance characteristics and features enabled by hierar-
chical address virtualization within the memory controller
and configurable block device allocation, including (1) a
configurable and predictable I/O latency, (11) brief or other-
wise negligible logical-to-physical (“L2P”") address transla-
tion time (or at least dramatically reduced L2P time relative
to operating modes that invoke a flash translation layer), (111)
allocation of discrete defect-free block devices in user-
specified quantities and capacities, (1v) host-scheduled
maintenance of flash-device-identified segments (or other
logical units of storage), and (v) forward compatibility/ease
of migration as flash device capacities and feature sets
expand 1n successive device generations. Each of these
characteristics/features 1s discussed 1n greater detail below.

FIG. 6 illustrates an exemplary pair of block device
configurations that demonstrate the configurable and pre-
dictable 1I/O latency enabled by the pseudo-expositive flash
device described above (i.e., flash device having a pseudo-
expositive memory controller) and the user-configurable
block device allocation therein. These configurations will be
respectively referred to as “configuration A” and “configu-
ration B,” with it being understood that a device may be
reconfigured dynamically or otherwise as desired, as 1ndi-
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cated by the presence of a migration arrow separating these
two configurations. As shown, each of the block configura-
tions features a 2x2 disposition of four dies (i.e., two dies
coupled to channel O and two dies coupled to channel 1) and
two planes of erase units within each die. That 1s, the block
device configurations represent physically identical geom-
etry and capability. However, by programming a wide and
shallow ASL (1.e., ASL parameters set to distribute sequen-
tial LBAs through a minimum number of physical structures
at each level of the structural hierarchy) and enabling
dual-plane operation, an 8-page 1/O stripe width 1s 1mple-
mented with block configuration A and thus an 8 page/t o
write bandwidth and 8 page/t, . , » read bandwidth, assuming,
suflicient overhead within the host-interface and flash-die
access channels (as 1indicated by the 8 EU’s 1in bold in the
left-most grouping of 4 dies 1n FIG. 6). By contrast, block
device configuration B features a narrow and deep ASL (1.e.,
ASL parameters set to distribute sequential LBAs through a
maximum number of physical (or pseudo-physical) struc-
tures at each level of the structural hierarchy) and for
single-plane operation, so that a single-page stripe size 1s
established and thus write and read bandwidths of only 1
page/t ., and 1 page/t,. ., respectively. As explained
above, the sequencing of LBAs through all the physical (or
pseudo-physical) structures of a given die before proceeding,
to the next die increases endurance of the block device
relative to 1ts wider-stripe-width counterpart. Accordingly,
the ASL of a given block device within the pseudo-exposi-
tive flash device may be tuned to meet endurance and
bandwidth targets of a given application.

FIG. 7 illustrates an exemplary generation of a physical
block address 1n response to an incoming LBA (i.e., logical
block address provided by host in connection/association
with a memory access or maintenance operation) and block
device ID (BDid). As shown, the block device 1D 1s applied
to a block device lookup table (e.g., as described in reference
to FIG. 4) to retrieve information identifying the channels
and dies that constitute the block device (1.e., allocated to the
block device) and thus, base die and base channel values that
specily starting boundaries within a physical or pseudo-
physical die matnix, together with parameters that indicate a
number of channels and dies per channel spanned by the
block device (Chans, Dies/Chan). In other embodiments, the
constituent dies and channels of the block device may be
specified 1n other ways (e.g., list of specifically identifiable
dies, starting channel/ending channel together with starting
die/ending die, etc.).

In the implementation shown, the block device lookup
table also outputs an ASL lookup address to the ASL lookup
table. The ASL lookup table, 1n turn, outputs the recorded
ASL parameters (including logical block size 1t 1mple-
mented as a variable parameter) to an ASL generation logic
block which 1n turn outputs an address-space-layout value
that enables the incoming LBA to be decomposed 1nto a set
of hierarchical “sub-address’ values, one sub-address for the
group ol elements at each respective level of the structural
hierarchy within the flash device (e.g., channel sub-address,
die sub-address, erase-unit sub-address, page sub-address).

This LBA decomposition into sub-addresses 1s easiest
understood by considering the special case in which each
sub-address maps to a power-of-two number of correspond-
ing hierarchical elements (e.g., 2* channels, 2° dies per
channel, 2" erase units per die, 2° pages per erase unit) as,
in that case, the ASL indicates, 1n eflect, the location of
discrete bit fields within the incoming LBA that correspond
to respective levels of the structural hierarchy. Moreover, as
shown 1n the shaded examples of ASLs for block devices 0-4
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(BDO0O-BD4) at, the ASL also identifies the position of each
discrete bit field within the ASL—a consequence of the
sequential LBA assignment parameters described above 1n
reference to FIGS. 4 and 5. Considering the ASL for block
device 0, for example, 1t can be seen that, except for the page
oflset fixed at the lowest bits of the mcoming LBA, the
channel sub-address field constitutes the least significant
field of the BDO ASL, followed by the die sub-address field,
the erase-unit sub-address field and then the page-address
sub-address field. Accordingly, assuming for example that
the page oflset 1s a two-bit field such that four logical blocks
are stored within each flash page, then every fourth LBA 1n
a linear sequence of LBAs will be written within a die on a
different channel with modulo wrap around to an itial
channel after a die on the final channel has been written. By
contrast, the sub-address (or field) order 1n the block 1 ASL
1s exactly the opposite that of block device O (excepting the
least-significant page oflset field), such that pages are
sequenced {first, then erase-umits, then dies, and then chan-
nels at the end.

Continuing with FIG. 7, as the ASL indicates how the
individual hierarchical sub-address fields have been packed
or encoded within the mncoming logical block address, that
value 1s supplied to pseudo-physical address generator and
used therein to extract (or unpack or decode) or otherwise
recover the individual hierarchical sub-addresses. In the
particular example shown, the erase-unmit sub-address (EU-
virt) 1s assumed to be a virtual address (e.g., resolving
between 2048 possible erase umits within a die having, in
actuality, some larger number of erase units) which 1is
therefore supplied to a sub-address translation table (or
lookup table) for un-mapping to the physical address of the
erase unit to be accessed. In the particular example shown,
the remaining sub-address fields are assumed to be physical
addresses corresponding to respective levels of the structural
hierarchy so that those sub-address fields, together with the
output of the translated erase-unit address (EUphys) consti-
tute a physical block address that may be supplied to address
decoding logic to issue the necessary control and enable
signals to eflect access to the spec:lﬁed page of tlash storage
(at the offset specified by the page oflset).

In an alternative embodiment, the channel, die, page and
page-oilset sub-addresses (or any subset thereol) recovered
from the LBA are also virtual addresses and thus supplied to
respective sub-address translation or lookup tables (Ch LUT,
Die LUT, Pg LUT, PO LUT) to obtain or generate the
corresponding physical sub-addresses. More generally, any
or all of the sub-address fields (including the page oflset)
recovered from the imnbound LBA may be virtual addresses
that are converted to physical addresses through translation/
lookup operations. Also, two or more of the lookup tables for
different hierarchical levels may be merged or combined.
For example, the channel and die lookup tables may be
merged to enable a two-dimensional lookup, thus virtualiz-
ing the die array as a whole and enabling any die on any
channel to be interchanged (i.e., through virtual-to-physical
address translation) with any other die on the same channel
or any other channel.

A conceptual view of an erase-unit virtual-to-physical
(V2P) translation table implementation 1s shown conceptu-
ally 1n the bottom portion of FIG. 7 to demonstrate that a
channel and die, selected by one of numerous constituent
erase-unit lookup tables (or translation tables) 1s selected to
yield the physical erase-unit address (1.e., to provide for
independent erase-unit mapping from die to die). Various
other implementations may be deployed in alternative
embodiments.
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A number of points bear emphasis in view of FIG. 7. First,
as the individual sub-address fields are, by virtue of block
device and ASL programming, modulo-encoded into the
incoming logical block address (e.g., as respective bit-fields
in the power-of-two example shown), the sub-address values
may be determunistically (e.g., algorithmically) recovered
from the logical block address extremely quickly and efli-
ciently, avoiding altogether the generally enormous transla-
tion data storage (e.g., trie structures and the like) and
extensive translation times required for FTL operating
modes or implementations. Moreover, the very presence of
the sub-address values within the logical block address (1.¢.,
the logical block address may be viewed as a tuple of the
hierarchical sub-address wvalues made possible by the
pseudo-physical specification of the block device and in
which the sub-address values that form the tuple may be
re-ordered 1 a variety of ways and even fragmented in
accordance with the user-specified address space layout for
a block device or subspace therein) eflects an assurance to
the host that LBAs contaiming the same sub-addresses down
to a given hierarchical level will resolve to the same physical
resource. For example, LBAs containing the same channel
sub-address are ensured to access a die on the sub-address-
identified channel. Similarly, LBAs containing the same
channel and die sub-addresses are ensured to access an erase
unit within the same die, and so forth. Moreover, any of the
sub-addresses may be encoded into the LBA as a virtual
address—that 1s a sub-address value that virtualizes the
corresponding (and compartmentalized) physical resource.
Thus, even though a given LBA may be assured to resolve
to a desired die (virtual or physical), a virtualized erase-unit
sub-address enables the underlying physical resources
within that die to be swapped 1 and out of service as
necessary, all without impacting the linear address space and
performance perceived by the host.

Also note that the depicted architecture permits address
translation to be reduced to relatively simple operations that
can be implemented using logic gates and lookup tables, that
1s, 1n a manner that can be performed extremely fast, e.g., on
an 1tra-cycle basis (1.e., 1n less than a clock cycle) or at most
using only a handful of clock cycles. For example, as will be
discussed below, a memory controller can offload address
translation to a set of logic gates and prepopulated lookup
tables, which can perform address translation without
requiring processor clock cycles. On-board logic can then
update the lookup tables and/or metadata as appropriate, in
a manner that does not encumber I/O latency. By contradis-
tinction, conventional flash memory tables which map a
logical page address to potentially any wordline 1n flash
memory device typically require gigabit-size translation
tables, with translation only being performed using a sub-
stantial number of using processor cycles. This architecture,
once again, helps streamline I/O latency, rendering 1t far
more predictable, and reduces address translation time to a
negligible quantity.

As discussed above, the exemplary ASL bit-field maps
shown 1n FIG. 7 for the different block devices assume a
power-oi-two quantity of physical resources at each hierar-
chical level in the flash. In the more general case, the
resources at any or all physical levels may not be power-
of-two quantities and thus complicate the picture of sub-
address encoding. For example, assuming a 3-channel, 3-die
block device allocation 1 which each die contains 2000
pseudo-physical erase units and 400 pages per erase unit, the
total LBA range (assuming four LBAs per page) will span
from O to 3*5*2000%400%4 (where **’ denotes multiplica-
tion) and thus from O to 48,000,000-1 and thus only part of
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the range represented by the smallest suflicient binary
address size 2°26. Moreover, because each element of the
tuple that constitutes a given logical block address ranges
between 0 and a non-power-oi-2 maximum (1.e., magnitude
of individual tuple elements are not, 1n all cases, power of 2
numbers), the sub-addresses of different hierarchical groups
of structures (1.¢., channels, dies, erase units, pages, etc.) do
not fall within discrete bit fields. Said another way, the
power-ol-two ASL examples shown in FIG. 7 are a special
case ol a more general solution in which sub-address fields
are recovered using modulo arithmetic that reflects the tuple
composition of the logical block address. Once again, as
depicted, such an architecture can be easily implemented
entirely or primarily 1n hardware, thus reducing translation
times to negligible levels.

FIG. 8 illustrates a conceptual implementation of an
address generation module that may be used to extract (or
recover) sub-address values from an inbound LBA regard-
less of whether the magnitude of individual tuple elements
(1.e., number of channels, number of dies/channel, number
of erase units/die, number of pages/erase unit) are power-
of-two numbers or not. As 1 FIG. 7, any or all of the
hierarchical sub-address values, once recovered, may be
converted from virtual to physical sub-addresses to collec-
tively form an inbound physical block address (PBA),
adding oflsets to reflect the base channel and base die of the
block device. For reasons discussed 1in further detail below,
the address generator 1s implemented bi-directionally. That
1s, essentially the same operations executed to yield a PBA
from an inbound LBA may be executed in reverse to produce
an outbound LBA from a physical block address, thus
enabling status regarding a given physical resource within
the tlash device to be reported to the host 1n terms of the
LBA mapping that the host understands. Note that this
information can be used to provide context to a host 1n order
for a host to schedule maintenance or data movement (e.g.,
data migration or garbage collection) to preselected loca-
tions (e.g., where the logical address locations correspond-
ing to the data are matched to the wear of a destination
physical location, or where logical address locations having
similar age, write frequency and/or read frequency charac-
teristics are grouped together), as discussed in the copending
application “Techniques for Data Migration Based On Per-
Data Metrics and Memory Degradation” which as been
incorporated by reference, as noted earlier.

Referring first to the mbound LBA path, an ASL value
(e.g., generated per the ASL lookup table entry as discussed
in reference to FIG. 7) that describes the order of tuple
clements within the mbound LBA 1s supplied to a pair of
steering circuits that yield a set of divisors—products of
individual tuple elements. More specifically, a magnitude
steering circuit selects, as magnitudes of the three least
significant tuple elements within the inbound LBA (a four-
tuple LBA 1s assumed in this example, having as tuple
elements, a channel sub-address, die sub-address erase-unit
sub-address, and page sub-address 1 any order), from
among the block device configuration settings for structural
clement quantities (1.e, number of allocated channels, num-
ber of allocated dies, number of allocated erase units,
number of allocated pages) to produce divisor values that
reflect strides within the LBA (after scaling to account for

the page oflset—the “scaled LBA” or “offset-scaled LBA™)
at which boundaries between diflerent members of the same
structural group occur. Thus, in the 3-channel, 5-die, 2000
erase-unit, 400 page example above, i the tuple elements
are ordered from most to least significant as channel sub-
address, die sub-address, erase-unit sub-address, page sub-
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address, then the tuple element magnitudes will be 400,
2000, and 5, for elements 0, 1 and 2, respectively. Accord-
ingly, the divisors supplied to the divisor steering logic will
be DM1=200, DM2=400*2000=800,000 and
DM3=400%*2000%5=4,000,000. The divisor steering logic
serves to route the divisors to the appropriate sub-address
generation paths according to the tuple order specified 1n the
ASL value and thus, continuing with the 3 channel, 5 die,
2000 erase unit, 400 page example (1.e., 1n tuple notation:
“(3,5, 2000, 400)”), the channel sub-address path will
receive the 400%2000*5 divisor (reflecting that a diflerent
channel 1s specified at each 4,000,000 increment in the
scaled LBA), the die sub-address path will receive the
400%*2000 divisor (reflecting that a diflerent die 1s specified
at each 800,000 increment in the scaled LBA) and the
erase-unit sub-address path will recerve the 400 divisor
(reflecting that a different erase unit 1s specified at each 400
increment 1n the scaled LBA). The sub-address path for the
least significant tuple element will receive a umty divisor
(1.e., °17), retlecting that a different page 1s specified at each
increment of the scaled LBA.

Still referring to the mmbound LBA path of FIG. 8, after
divisors have been applied to the scaled LBA (i.e., integer
division as reflected by the ‘/° operator in divider logic
clements), the results (integer-valued quotients) are subject
to modulo operations (1.e., modulo 400, 2000, 5 and 3 for the
respective sub-addresses) within the “mod” logic elements
to yield sub-address values which, in the example shown,
are assumed to be virtual sub-address values. As shown, the
virtual sub-addresses are supplied to respective (or joint)
lookup/translation modules to generate physical sub-address
counterparts generally as described above in reference to
FIG. 7. Any or all of the modulo logic outputs may be
physical sub-address values in alternative embodiments.

Still referring to FIG. 8, the outbound PBA/LBA path 1s
essentially the reverse of the imbound path, converting
physical sub-address mto virtual sub-addresses as necessary,
multiplying by the steered divisor value (now a multiplier
and hence a “divisor-multiplier”), and then summing the
multiplied sub-address values to form the four-tuple LBA
output (merging in the page oflset to yield the full-range
rather than offset-scaled LBA).

FIG. 9 illustrates an exemplary virtualization of erase
units within a four-die (2 dies by 2 channels) block device
that demonstrate the discrete defect-free block device expo-
sition enabled by the various pseudo-expositive flash device
embodiments described above. In the example shown, the
ASL 1s configured similarly to that of block device 1n the
left-most portion of FIG. 6, but with only single-plane
operation, thus establishing a four-page stripe width. For
purposes of example the erase units mnto which the first
sixteen pages ol data are enumerated within the erase-unit
elements themselves. Further, it 1s assumed that the erase
unit population 1s larger than the virtual erase unit address
field within each mncoming LBA such that some number of
spare erase units 1s available within each die. Accordingly,
upon determinming that the erase unit shown at the bottom
right corner of the fourth die 1s defective, the pseudo-
expositive memory controller remaps the LBA that would
otherwise resolve to the defective erase unit to a spare erase
unit within the same die. That 1s, the fifth page of data that
might otherwise be written to the defective erase unit 1s,
through translation of the virtual address field within the
incoming LBA to a physical address field as discussed
above, re-directed to the spare page entirely transparently to
the host write requestor. Impending run-time detected erase-
unit failures 1 dies marked X’ result 1n similar re-mapping,
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and data move operations (1.¢., prior to complete failure of
the suspect erase units) again permitting the host to perceive
the block device as a discrete defect-free storage entity. As
discussed above, any other resources within the structural
hierarchy of the flash device (including particularly those
most likely to fail), such as dies, planes, pages or even
channels may be virtualized and pseudo-exposed to the host
in a manner that preserves one or more spares. In all such
cases, the host may configure the number of structural
clements reserved as spares on a flash-device-wide or block-
device basis, for example, after requesting and receiving a
physical geometry description from the flash device, includ-
ing a reporting of the number of failed or suspect elements
at each level of the structural hierarchy. Such spare-setting
(or reserve pool specification) may be carried out, for
example, 1n connection with block device programming
within the block device allocator described above 1n refer-

ence to FIG. 2 (e.g., programming the number of spares to

be reserved, percentage of spares to be reserved, size of
virtual address field and thus the allocable number of
structural elements, etc.) and may be assisted by receiving a
default reserve pool recommendation from the memory
controller (which default may be applied to allocated block
devices absent host programming of a diflerent setting.

Still referring to FIG. 9, the pseudo-physical host per-
spective of block device remains static and defect free,
despite ongoing failure events (and/or removal of erase units
or other virtualized structural elements from service for wear
leveling, garbage collection, scrubbing or other maintenance
or operational reasons). The remapping of address informa-
tion by the memory controller using the 1dentified translation
scheme once again helps streamline 1/0 latency, as discussed
carlier.

FIG. 10 demonstrates an exemplary sequence of opera-
tions coordinated between the pseudo-expositive flash
memory controller and host file server to enable host-
scheduled maintenance of flash-device-identified units of
data, and more specifically segments 1n this example. The
device tracks statistics and environmental status of the
memory looking for indications that a portion of the data
needs maintenance driven by a physical resource. An
example ol a maintenance operation might be that data has
resided on a given EU for a time long enough to approach
a maximum estimated safe retention time. An event could be
set to trigger at a threshold of safety previously selected by
to host and communicated to the device. Once that event has
been triggered, the device translates the physical location
though the previous block device and ASL map structures in
order to 1dentily the segment as a host LBA 1n which the
physical resource resides. When the host has recerved the
notification of the event, along with the associated segment
LBA address, length, and event type, the host may elect to
handle that event 1n a number of ways. Host 1ssued 1nstruc-
tions may garbage collect, copy, move, or discard data in
manner the best benefits the overall etliciency of the system.
Those instructions may be mixed mto the overall system
scheduling. Note that in contradistinction to conventional
approaches (e.g., where an entire address space 1s garbage
collected, 1n a device-wide operation delegated to a memory
controller) that this approach permits the host to command
specific maintenance operations to specific hierarchies, for
example, by command to perform maintenance on a speciiic
EU: to this eflect, the host transmits a maintenance com-
mand with a specific block address, which the memory
controller uses to perform maintenance on a host-selected or
host-specified address range, conveyed by or 1n connection
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the maintenance command. Once data has been relocated or
discarded, a segment of interest may be erased.

FIG. 11 1illustrates a forward (and reverse) compatibility
between successive flash generations that 1s enabled by the
pseudo-expositive flash device i combination with the
block device allocator discussed above 1n reference to FIG.
2. Assume, for example, that the block device allocator was
initially executed 1n connection with a generation ‘A’ flash
device having a page size ‘K’, to configure a block device
having a four-page stripe size. For ease of illustration, the
K-sized pages are assumed suiliciently large that each erase
unit contains only two pages, and that each host segment
spans four erase units. Thus, a first host segment (“Seg0”) 1s
striped across the four dies of the block device and fills erase
unit 0 within each die, being stored 1n eight pages total
(pages 0-7), while a second host segment (“Segl”) 1s stored
within erase unit 1 of the four dies and thus in pages 8-15.
Assume as a forward-compatibility example, that a next
generation “GenB” flash device 1s to be deployed 1n com-
bination with or in place of a “GenA” flash device, and that
page size has doubled to 2K so that the overall flash device
capacity has doubled in GenB (i.e., there are the same
number of pages per erase unit, erase unts per die, dies per
channel and channels as 1n the GenA device so that the
doubled page size doubles the capacity of every element 1n
the structural hierarchy). In this case, assuming further that
the page read and write times (i~ and t,»,-) have also
doubled between the two flash device generations, then the
user/designer may re-run the block device allocator with an
unchanged set of block device specifications (1.e., 1n terms
of read and write bandwidth, at least) to yield a block device
allocation and ASL within the GenB device that matches the
performance characteristics of the counterpart block device
within the GenA flash device, albeit at double capacity. For
example, as shown in FIG. 11, the block device allocator
may define the ASL such that the stripe width still spans four
pages (1.e., a page within each of the four allocated dies) so
that the reduced write bandwidth (due to the 2x higher GenB
tProg) 1s oflset by the doubled page size. Thus, the two
segments previously stored within the GenA drive may be
written to the GenB drive with the same bandwidth, but now
occupy only half the number of erase units (as their capacity
has doubled) as in the GenA storage. Note that Segl may,
through different ASL specification, be stored within dies O
and 101 the GenB flash device instead of dies 2 and 3, thus
raising endurance of the flash device at the cost of reduced
write bandwidth. Changing the example so that the tPROG
and tREAD times remain unchanged in the GenB device,
then the alternative segment 1 storage destination (1.e.,
alternative ASL specification) within dies O and 1 may be
preferable, as the two-die stripe size in the GenB device
would vield the same write bandwidth as the four-die stripe
s1ze 1n the GenA device. That 1s, sequencing more narrowly
through dies 0 and 1 (instead of more broadly across all four
dies) will yield a higher endurance result with approximately
the same read/write bandwidth. As discussed above, the ASL
may be further tuned to vield a desired balance between
endurance and I/O bandwidth.

FI1G. 12 1llustrates more detail regarding pseudo-physical
geometry export options within a flash device having multi-
plane flash dies. In the particular example shown, it 1s
assumed that each die within the flash device, exemplified
by “Die 0” includes N erase units distributed evenly between
even and odd erase-unit planes (i.e., N/2 erase units per
plane). In general, the die may be switched on the fly,
according to incoming command sequences, between single-
plane and multi-plane operation. Once again, therefore, the
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same die (“Die 07) 1s illustrated in duplicate to discuss
multiple alternate configurations; the pseudo-expositive
memory controller may operate the die 1n one of several
different pseudo-physical modes including, an opportunistic
single-plane mode, an exclusively multi-plane mode, and a
range-split hybrid mode in which a portion of the pseudo-
physical or physical erase units within the die are operated
in opportunistic single-plane mode and another portion of
the erase units are operated in exclusively multi-plane mode.
In each of the pseudo-physical operating modes, the erase
unit field of an ncoming L BA resolves to fewer than N erase
units. For example, the erase unit field resolves to any one
of M erase units 1n single-plane mode, to any one of M/2
double-width erase units (1.e., logical combination of paired
erase units drawn respectively from the odd and even
planes) 1n dual plane mode and any one of K single-plane
crase¢ umts or J double-width erase units 1n the hybnd
split-range mode, where M<N and K+2J<N.

In opportunistic single-plane mode, the flash die 1s gen-
crally accessed one erase-unit at a time (or more accurately
one page within one erase unit at a time, for reads and
writes), occasionally executing a dual-plane command
where a pair of successive accesses are directed respectively
to erase units within the odd and even planes. By contrast,
when configured for dual plane mode, each host requested
memory access 1s translated by the memory controller into
a dual plane command sequence that accesses a matched
pair of erase units within each of the odd and even planes
(1.e., one odd-plane erase unit and a counterpart even-plane
crase unit). Accordingly, the page registers and erase units
are viewed, from a pseudo-physical perspective, as double-
width elements as compared to individual page registers and
erase units in single-plane mode. Moreover, the total number
of erase units 1s halved (by the eflective merging of the two
planes) so that the pseudo physical address range 1s recon-
figured to account for half the number of virtually address-
able erase units within the die, and double the number of
logical blocks per page.

Still referring to FIG. 12, the split-range hybrid mode, due
to 1ts dual range-divided configuration, permits single-plane
commands and opportunistic multi-plane command
sequences within the single-plane address range (1.e., logical
addresses that resolve to erase units below pseudo-physical
crase unit K), and requires exclusively multi-plane com-
mand sequences within the dual-plane address range. In
alternative embodiments, the ordering of the dual-plane and
single-plane ranges may be reversed (i.e., dual-plane at
lower rather than higher-ordered addresses) and the total
number of different ranges may be greater than the two
shown.

FIG. 13 illustrates additional operations that may be
managed by embodiments of the pseudo-exposition. Once
again, “Die 07 1s shown 1n multiple, alternate configurations.
A defective erase unit detected within a given plane of a
multi-plane capable die may be mapped (logically replaced)
by an otherwise reserved erase unit within the same plane as
shown 1n the two pseudo-physical views of die zero. This
enables opportunistic multi-plane operations to continue
when the die 1s configured for single-plane operation, and
permits multi-plane operations to proceed entirely transpar-
ently to the host.

FIG. 14 illustrates one embodiment of various techniques
illustrated above, implemented as a memory controller inte-
grated circuit (IC). As noted by the figure, in one version,
such an IC can be implemented as a field-programmable
gate array (FPGA) having logic gates and lookup tables
(e.g., circuitry) configured to provide fast address translation
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as discussed above; this 1s not required for all embodiments,
and 1n other contemplated embodiments, a memory control-
ler can be implemented as a special purpose processor or
other preconfigured integrated circuit, with or without the
use of support software (e.g., firmware). As depicted by the
figure, the IC includes a host interface, which for example,
uses a standard commumnication interface framework (e.g.,
non-volatile memory express, or NVME or Sernial ATA) for
packetized communications, where packets comprise com-
mands, address and data, as appropriate; note that this
interface can be shared for commands directed to different
channels or devices, 1.¢., the commands and data to respec-
tive channels and/or dies are typically MUX’ ed over this
channel for exchange between the memory controller IC and
the host. Similarly, as discussed earlier, the memory con-
troller features a flash interface, whereby one or more
channels are used to communication with one or more
memory devices. Each channel can consist of a set of links
for address and/or data (e.g., for packetized communication
of address and data over a set of eight links), or can feature
separated address and databusses (as depicted by the
optional, dashed-line links designated for “data”). The
memory controller IC also features hardware translation
circuitry as mentioned (e.g., with ASL parameters being
used to configure address wrapping and distinction between
hierarchical levels and with LUTs used for address mapping,
at selected or predetermined levels of the hierarchy) and
buflers for buflering commands and/or data transfer as
appropriate. In addition, the memory controller IC 1n this
embodiment can 1nclude supervisory logic (e.g., {for
responding to host queries, performing LUT updates, and
configuring parameters as appropriate, as well as for con-
trolling sequencing and maintenance operations 1n memory ),
a block-device designer and allocator section as discussed
carlier in connection with FIG. 2, and block device configu-
ration elements, as appropriate. In one embodiment, some or
all of these functions can be implemented 1n the form of
instructions stored on non-transitory machine-readable
media (e.g., firmware or software, for controlling one or
more Cores Or processors).

It should be noted that, as a step in their fabrication or
other reification, the various circuits disclosed herein may be
described using computer aided design tools and expressed
(or represented) as data and/or instructions embodied 1n
various computer-readable media, 1n terms of their behav-
ioral, register transfer, logic component, transistor, layout
geometries, and/or other characteristics. Formats of files and
other objects 1 which such circuit expressions may be
implemented include, but are not limited to, formats sup-
porting behavioral languages such as C, Verilog, and VHDL,
formats supporting register level description languages like
RTL, and formats supporting geometry description lan-
guages such as GDSII, GDSIII, GDSIV, CIF, MEBES and
any other suitable formats and languages. Computer-read-
able media 1n which such formatted data and/or istructions
may be embodied include, but are not limited to, computer
storage media 1n various forms (e.g., optical, magnetic or
semiconductor storage media, whether independently dis-
tributed 1n that manner, or stored “in situ” 1n an operating
system).

When recerved within a computer system via one or more
computer-readable media, such data and/or instruction-
based expressions of the above described circuits may be
processed by a processing enfity (e.g., one or more proces-
sors) within the computer system 1n conjunction with execu-
tion ol one or more other computer programs including,
without limitation, net-list generation programs, place and
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route programs and the like, to generate a representation or
image ol a physical manifestation of such circuits. Such
representation or 1mage may thereaiter be used i device
fabrication, for example, by enabling generation of one or
more masks that are used to form various components of the
circuits 1n a device fabrication process. Any of the various
methods and operational sequences herein may likewise be
recorded as one or more sequences ol instructions on a
computer-readable medium and may be executed on a
computing device to eflectuate the disclosed method and/or
operational sequence.

Also, as noted, many of the techniques described herein
can be employed 1n an apparatus, a method, an integrated
circuit, a system on-chip, a memory device, a memory
controller, a host processor, as a circuit description (1.e., that
contains data structures defining fabrication parameters for
a processor, mtegrated circuit, device, or components of any
of these things), as nstructions stored on machine-readable
media (e.g., firmware or software mtended for execution on
one or more general purpose machines), or as combinations
of these things. In the case of software or other instructional
logic, the 1nstructions are typically written or designed 1n a
manner that has certain structure (architectural features)
such that, when they are ultimately executed, they cause the
one or more general purpose machines or hardware to
behave as special purpose machines, having structure con-
figured by the instructions to necessarily perform certain
described tasks. “Non-transitory machine-readable media™
as used herein means any tangible (1.e., physical) storage
medium, 1rrespective of how data on that medium 1s stored,
including without limitation, random access memory, hard
disk memory, optical memory, a floppy disk or CD, server
storage, volatile memory and other tangible mechanisms
where instructions may subsequently be retrieved by a
machine. The machine-readable media can be 1n standalone
form (e.g., a program disk) or embodied as part of a larger
mechanism, for example, a storage drive, CPU, laptop
computer, portable or mobile device, server, data center,
“blade” device, subsystem, electronics “‘card,” storage
device, network, or other set of one or more other forms of
devices. The instructions can be implemented in different
formats, for example, as metadata that when called 1is
ellective to invoke a certain action, as Java code or scripting,
as code written 1n a specific programming language (e.g., as
C++ code), as a processor-specific mstruction set, or in some
other form; the mstructions can also be executed by the same
processor or different processors, depending on embodi-
ment. For example, 1n one implementation, instructions on
non-transitory machine-readable media can be executed by
a single computer and, 1n other cases as noted, can be stored
and/or executed on a distributed basis, e€.g., using one or
more servers, web clients, or application-specific devices.
Each function mentioned in the disclosure or FIGS. can be
implemented as part of a combined program or as a stand-
alone module, either stored together on a single media
expression (e.g., single floppy disk) or on multiple, separate
storage devices. The same 1s also true for a circuit descrip-
tion for fabricating cores, processors, devices or circuits
described herein, 1.e., the result of creating a design can be
stored 1n non-transitory machine-readable media for tempo-
rary or permanent use, either on the same machine or for use
on one or more other machines; for example, a circuit
description or software can be generated using a {irst
machine, and then stored for transier to a printer or manu-
facturing device, e.g., for download via the internet (or
another network) or for manual transport (e.g., via a trans-
port media such as a DVD) for use on another machine.
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Throughout this disclosure, various processes will be
described, any of which can generally be implemented as
instructional logic (instructions stored on non-transitory
machine-readable media), as hardware logic, or as a com-
bination of these things. Depending on product design, such
products can be fabricated to be in saleable form, or as a
preparatory step for other processing that will ultimately
create finished products for sale, distribution, exportation or
importation.

In the foregoing description and in the accompanying
drawings, specific terminology and drawing symbols have
been set forth to provide a thorough understanding of the
present invention. In some instances, the terminology and
symbols may imply specific details that are not required to
practice the invention. For example, any of the specific
numbers of bits, signal path widths, signaling or operating
frequencies, device geometries and numbers of hierarchical
structural elements (e.g., channels, dies, planes, erase units,
pages, etc.), component circuits or devices and the like may
be different from those described above in alternative
embodiments. Additionally, links or other interconnection
between integrated circuit devices or internal circuit ele-
ments or blocks may be shown as buses or as single signal
lines. Each of the buses may alternatively be a single signal
line, and each of the single signal lines may alternatively be
buses. Signals and signaling links, however shown or
described, may be single-ended or differential. A signal
driving circuit 1s said to “output” a signal to a signal
receiving circuit when the signal driving circuit asserts (or
deasserts, 1 explicitly stated or indicated by context) the
signal on a signal line coupled between the signal driving
and signal receiving circuits. The term “coupled” 1s used
herein to express a direct connection as well as a connection
through one or more intervening circuits or structures.
Device “programming” may include, for example and with-
out limitation, loading a control value 1nto a register or other
storage circuit within an integrated circuit device in response
to a host instruction (and thus controlling an operational
aspect of the device and/or establishing a device configura-
tion) or through a one-time programming operation (e.g.,
blowing fuses within a configuration circuit during device
production), and/or connecting one or more selected pins or
other contact structures of the device to reference voltage
lines (also referred to as strapping) to establish a particular
device configuration or operation aspect of the device. The
terms “exemplary” and “embodiment” are used to express
an example, not a preference or requirement.

While the mvention has been described with reference to
specific embodiments thereot, it will be evident that various
modifications and changes may be made thereto without
departing from the broader spirit and scope. For example,
features or aspects of any of the embodiments may be
applied 1n combination with any other of the embodiments
disclosed herein and/or in materials 1incorporated by refer-
ence or in place of counterpart features or aspects thereof.
Accordingly, the specification and drawings are to be
regarded 1n an illustrative rather than a restrictive sense.

What 1s claimed 1s:

1. A memory controller for nonvolatile memory, the
nonvolatile memory having storage units at a hierarchically-
superior level, storage units at a hierarchically-intermediate
level and storage units at a hierarchically-inferior level, each
of the storage units at the hierarchically-superior level
associated with a respective, mutually-exclusive subset of
the storage units at the hierarchically-intermediate level and
cach of the storage units at the hierarchically-intermediate
level associated with a respective, mutually-exclusive subset
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of the storage units at the hierarchically-inferior level, the
nonvolatile memory characterized by a program-erase
asymmetry, the memory controller comprising:
circuitry to subdivide incoming addresses, provided by a
host 1n association with host commands, each 1nto first,
second and third address portions, wherein the first
address portion and the second address portion can
cach consist ol non-power-of-two number sets of
addresses;
wherein the memory controller 1s to i1dentity, for each
incoming address, one of the storage units at the
hierarchically-superior level dependent on the first
address portion, one of the storage units at the hierar-
chically-intermediate level that 1s within the mutually-
exclusive subset associated with the i1dentified one of
the storage units of the hierarchically-superior level,
dependent on the second address portion, and one of the
storage units at the hierarchically-inferior level that 1s
within the mutually-exclusive subset associated with
the 1dentified one of the storage units at the hierarchi-
cally-intermediate level, dependent on the third address
portion;
wherein the circuitry to subdivide i1s to perform a first
division operation based on at least part of each of the
incoming addresses to recover the first address portion
and 1s to perform a second division operation based on
at least part of each of the incoming addresses to
recover the second address portion and 1s to perform a
modulo operation to recover a remainder, and wherein
the third address portion 1s dependent on the remainder;
circuitry to translate the third address portion differently
depending on the i1dentified one of the storage units at
the hierarchically-intermediate level 1n order to identify
one of the storage umts at the hierarchically-inferior
level 1n the mutually-exclusive subset which 1s respec-
tive to the identified one of the storage units at the
hierarchically-intermediate level; and
circuitry to control performance of each host command at
a physical location in the nonvolatile memory corre-
sponding to the 1dentified one of the storage units at the
hierarchically-superior level, the identified one of the
storage units at the hierarchically-intermediate level
and the identified one of the storage units at the
hierarchically-inferior level.
2. The memory controller of claim 1 wherein:
cach incoming address comprises bits;
the circuitry to subdivide 1s to subdivide each mmcoming
address 1nto a first subset of the bits and a second subset
of the bits;
the at least part of each imncoming address corresponds to
the first subset of the baits:
the nonvolatile memory further has storage units at a
fourth level that 1s one of hierarchically superior or
hierarchically inferior to the hierarchically-superior
level;
the memory controller 1s to i1dentily, for each incoming
address, one of the storage units at the fourth level from
the second subset of the bits; and
the first subset and the second subset are non-overlapping.
3. The memory controller of claim 1 wherein:
the circuitry to subdivide 1s to identify an address field
from each mmcoming address; and
the circuitry to translate 1s to select a lookup table specific
to the i1dentified one of the storage units at the hierar-
chically-intermediate level and is to 1dentity the physi-
cal location from the lookup table according to a value

of the address field.
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4. The memory controller of claim 1 wherein the circuitry
to translate 1s to select a lookup table specific to the
identified one of the storage umits at the hierarchically-
intermediate level and 1s to identify the third address portion
from the lookup table using a value of the second remainder
as an 1ndex to the lookup table.

5. The memory controller of claim 1 wherein:

cach of the storage units at the hierarchically-intermediate

level comprises one or more erase units, each erase unit
representing a minimum set of cells of the nonvolatile
memory that must be erased at once;

the memory controller, for each of the storage units at the

hierarchically-superior level, 1s to reserve a number of
the erase units as spares;
the memory controller 1s to store a value specific to each
of the storage units at the hierarchically-superior level,
the reserve number for each given one of the storage
unmits at the hierarchically-superior level being deter-
mined dependent on the stored value specific to given
one of the storage umts at the hierarchically-superior
level; and
the memory controller comprises circuitry to exchange
ones of the spares for memory units used to store data
on an independent basis for each of the storage units at
the hierarchically-superior level from the correspond-
Ing reserve number.

6. The memory controller of claam 1 wherein:

cach of the storage units at the hierarchically-intermediate
level comprises one or more erase units, each erase unit
representing a minimum set of cells of the nonvolatile
memory that must be erased at once;

the memory controller, for each of the storage units at the

hierarchically-superior level, 1s to reserve a number of
the erase units as spares; and

the memory controller further comprises logic to

exchange ones of the spares for memory units used to
store data on an independent basis for each of the
storage unmits at the hierarchically-superior level from
the corresponding reserve number.

7. The memory controller of claim 1 wherein:

the memory controller further comprises circuitry to, 1n

conjunction with a write operation 1n the non-volatile
memory affecting a particular physical location, assign
an address corresponding to the particular physical
location, and to transmit the assigned address to the
host; and

one of the incoming addresses associated with a read

operation for data stored at the particular physical
location 1s dependent on the assigned address which
was transmitted to the host.

8. The memory controller of claim 1 wherein:

the address value for at least one of the second address

portion and the third address portion 1s variable accord-
ing to a programmable parameter; and

the programmable parameter comprises at least one of

number of sequential incoming addresses before a
channel address 1s to be changed,

number of sequential incoming addresses before a die
address 1s to be changed,

number of sequential mcoming addresses before an
erase unit address 1s to be changed, and

number of sequential incoming addresses before a page
address 1s to be changed.

9. The memory controller of claim 1 wherein:

the address value for a first one of the second address

portion and the third address portion 1s variable accord-
ing to a first programmable parameter;
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the address value for a second one of the second address
portion and the third address portion 1s variable accord-
ing to a second programmable parameter;

the first programmable parameter comprises a first one of

number of sequential incoming addresses before a
channel address 1s to be changed,

number of sequential mmcoming addresses before a die
address 1s to be changed,

number of sequential incoming addresses before an
erase unit address 1s to be changed, and

number of sequential incoming addresses before a page
address 1s to be changed; and

the second programmable parameter comprises a second

one of

number of sequential incoming addresses before a
channel address 1s to be changed,

number of sequential ncoming addresses before a die
address 1s to be changed,

number of sequential incoming addresses before an
erase unit address 1s to be changed, and

number of sequential incoming addresses before a page
address 1s to be changed.

10. The memory controller of claim 9 wherein the first
programmable parameter and the second programmable
parameter can be programmably-defined to be different for
cach of the storage units at the hierarchically-superior level.

11. The memory controller of claim 9 wherein the address
to be changed corresponds to a physical structure, such that
the channel address, die address, erase unit address or page
address for each of the first one and the second one each
differentiate predetermined, specific physical channels,
physical dies, physical erase units or physical pages, respec-
tively.

12. The memory controller of claim 9 wherein the address
to be changed corresponds to a virtual structure, such that
the channel address, die address, erase unit address or page
address for each of the first one and the second one each
differentiate specific virtual channels, virtual dies, virtual
erase units or virtual pages, respectively.

13. The memory controller of claim 1 further comprising
circuitry to perform garbage collection on an independent
basis for each storage unit at the hierarchically-superior
level.

14. The memory controller of claiam 1 wherein the
memory controller comprises at least one processor and
wherein the circuitry to subdivide i1s to recover the first
address field and the second address field without using any
processor cycles.

15. The memory controller of claim 1 wherein the non-
volatile memory 1s tlash memory and the memory controller
1s a flash memory controller itegrated circuat.

16. The memory controller of claim 1 further comprising
circuitry to perform wear leveling on an independent basis
for each storage unit at the hierarchically-superior level.

17. A memory controller for nonvolatile memory, the
nonvolatile memory having storage units at a hierarchically-
superior level and storage units at a hierarchically-inferior
level, each of the storage units at the hierarchically-superior
level associated with a respective, mutually-exclusive subset
of the storage units at the hierarchically-inferior level, the

memory controller comprising:
circuitry to subdivide incoming addresses, provided by a
host 1n association with host commands to write data,

cach into first and second address portions;
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wherein the memory controller 1s to i1dentify, for each
incoming address, one of the storage umts at the
hierarchically-superior level dependent on the first
address portion;

circuitry to translate the second address portion differently
depending on the i1dentified one of the storage units at
the hierarchically-superior level 1n order to 1dentily one
of the storage units at the hierarchically-interior level 1n
the mutually-exclusive subset which 1s respective to the
identified one of the storage units at the hierarchically-
superior level;

a register to store at least one host-programmed setting;
and

circuitry to control performance of each host command at
a physical location 1n the nonvolatile memory corre-
sponding to the identified one of the storage units at the
hierarchically-superior level and the identified one of
the storage units at the hierarchically-inferior level;

wherein the circuitry to translate 1s to select, dependent on
the at least one host-programmed setting, an address
mapping function for the identified one of the storage
units at the hierarchically-superior level; and

wherein the circuitry to translate the second address
portion differently 1s to translate the second address
portion 1n a manner that calculates an address to select
the physical location from the second address portion
according to the address mapping function for the
identified one of the storage units at the hierarchically-
superior level.

18. The memory controller of claim 17 wherein:

the first address portion can consist of a non-power-oi-
two number set of addresses:

the memory controller comprises circuitry to perform
modulo arithmetic to recover an address field from each
incoming address; and

the memory controller 1s to identify at least one of the first
address portion and the second address portion from the
address field.

19. The memory controller of claim 18 wherein the

"y

memory controller comprises at least one processor and
wherein the circuitry to perform the modulo arithmetic to
recover the address field 1s to recover the address field from
an icoming address without using any processor cycles.

20. The memory controller of claim 18 wherein:

the second address portion can also consist of a non-
power-ol-two number set of addresses;

the address field 1s a first address field;

the circuitry to subdivide 1s to recover the first address
field from each mmcoming address as a first quotient;

the circuitry to subdivide 1s to recover a second address
field from each mmcoming address as a second quotient
and, using modulo arithmetic, a second remainder; and

the memory controller 1s to identify the second address
portion from the second address field.

21. The memory controller of claim 17 wherein:

the hierarchically-inferior level 1s a first hierarchically-
inferior level;

the nonvolatile memory has storage units that are at a
second hierarchically-inferior level, each of the storage
units at the first hierarchically-inferior level associated

with a respective, mutually-exclusive subset of the
storage units at the second hierarchically-inferior level;

cach mcoming address further comprises a third address
portion;
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the memory controller 1s to i1dentily, for each incoming
address, one of the storage units at the first hierarchi-
cally-inferior level dependent on the second address
portion;

the circuitry to translate 1s further to translate the third

address portion differently depending on the one of the
storage units at the first hierarchically-inferior level 1n
order to 1dentily one of the storage units at the second
hierarchically-inferior level in the mutually-exclusive
subset which 1s respective to the i1dentified one of the
storage units at the first hierarchically-inferior level;
and

the physical location in the nonvolatile memory corre-

sponds to the i1dentified one of the storage units at the
second hierarchically-inferior level.

22. The memory controller of claim 21 wherein:

at least one of the first address portion and the second

address portion can consist of a non-power-of-two
number set of addresses:

the memory controller comprises circuitry to perform

modulo arithmetic to recover an address field from each
incoming address; and

the memory controller 1s to identily the third address

portion from the address field.

23. The memory controller of claim 17 wherein the
nonvolatile memory 1s flash memory and the memory con-
troller 1s a flash memory controller integrated circuit.

24. The memory controller of claim 17 wherein:

cach of the storage umits at the hierarchically-inferior

level comprises one or more erase units, each erase unit
representing a minimum set of cells of the nonvolatile
memory that must be erased at once;

the memory controller, for each of the storage units at the

hierarchically-superior level, 1s to reserve a number of
the erase units as spares;

the memory controller 1s to store a value specific to each

of the storage units at the hierarchically-superior level,
the reserve number for each given one of the storage
units at the hierarchically-superior level being deter-
mined dependent on the stored value specific to given
one of the storage units at the hierarchically-superior
level; and

the memory controller comprises circuitry to exchange

ones of the spares for erase units used to store data on
an independent basis for each of the storage units at the
hierarchically-superior level from the corresponding
reserve number.

25. The memory controller of claim 17 wherein:

cach of the storage units at the hierarchically-inferior

level comprises one or more erase units, each erase unit
representing a minimum set of cells of the nonvolatile
memory that must be erased at once;

the memory controller, for each of the storage units at the

hierarchically-superior level, 1s reserve a number of the
erase units as spares; and

the memory controller further comprises logic to

exchange ones of the spares for erase units used to store
data on an independent basis for each of the storage
units at the hierarchically-superior level from the cor-
responding reserve number.

26. A memory controller for nonvolatile memory, the
nonvolatile memory having storage units at a hierarchically-
superior level and storage units at a hierarchically-inferior
level each of the storage units at the hierarchically-superior
level associated with a respective, mutually-exclusive subset
of the storage umits at the hierarchically-inferior level, the
memory controller comprising:
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circuitry to subdivide incoming addresses, provided by a
host 1n association with host commands, each into first
and second address portions;

wherein the memory controller 1s to i1dentify, for each
incoming address, one of the storage umts at the
hierarchically-superior level dependent on the first
address portion;

circuitry to translate the second address portion differently
depending on the i1dentified one of the storage units at
the hierarchically-superior level 1n order to 1dentily one
of the storage units at the hierarchically-inferior level 1n
the mutually-exclusive subset which 1s respective to the
identified one of the storage units at the hierarchically-
superior level;

a register to store at least one host-programmed setting;
and

circuitry to control performance of each host command at
a physical location in the nonvolatile memory corre-
sponding to the identified one of the storage units at the
hierarchically-superior level and the identified one of
the storage units at the hierarchically-inferior level;

wherein the circuitry to translate 1s to select, dependent on
the at least one host-programmed setting, an address
mapping function for the identified one of the storage
units at the hierarchically-superior level;

wherein the circuitry to translate the second address
portion differently 1s to translate the second address
portion 1n a manner that calculates an address to select
the physical location from the second address portion
according to the address mapping function for the
identified one of the storage units at the hierarchically-
superior level;

wherein the memory controller further comprises cir-
cuitry to, 1n conjunction with a write operation in the
non-volatile memory aflecting a particular physical
location, assign an address corresponding to the par-
ticular physical location, and to transmit the assigned
address to the host; and

wherein one of the incoming addresses associated with a
read operation for data stored at the particular physical
location 1s dependent on the assigned address which
was transmitted to the host.

27. A memo controller for nonvolatile memory, the non-

e

volatile memo having storage units at a hierarchically-
superior level and storage units at a hierarchically-inferior
level, each of the storage units at the hierarchically-superior
level associated with a respective, mutually-exclusive subset
of the storage units at the hierarchically-inferior level, the
memory controller comprising:

circuitry to subdivide incoming addresses, provided by a
host 1n association with host commands, each into first
and second address portions;

wherein the memory controller 1s to identily, for each
incoming address one of the storage units at the hier-
archically-superior level dependent on the first address
portion;

circuit to translate the second address portion differently
depending on the identified one of the storage units at
the hierarchically-superior level 1n order to 1dentily one
of the storage units at the hierarchically-inferior level 1n
the mutually-exclusive subset which 1s respective to the
identified one of the storage units at the hierarchically-
superior level;

a register to store at least one host-programmed setting;
and

circuitry to control performance of each host command at
a physical location in the nonvolatile memory corre-

"y
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sponding to the 1dentified one of the storage units at the
hierarchically-superior level and the identified one of
the storage units at the hierarchically-inferior level;
wherein the circuitry to translate 1s to select, dependent on
the at least one host-Programmed setting, an address
mapping function for the identified one of the storage
units at the hierarchically-superior level;
wherein the circuitry to translate the second address
portion differently 1s to translate the second address
portion 1n a manner that calculates an address to select
the physical location from the second address portion
according to the address mapping function for the
identified one of the storage units at the hierarchically-
superior level;
wherein the hierarchically-inferior level 1s a first hierar-
chically-inferior level;
wherein the nonvolatile memory has storage units that are
at a second hierarchically-inferior level, each of the
storage units at the first hierarchically-inferior level
associated with a respective, mutually-exclusive subset
of the storage units at the second hierarchically-inferior
level;
wherein each incoming address further comprises a third
address portion;
wherein the circuitry to translate 1s to automatically
identily an address value for each of the first address
portion, the second address portion, and the third
address portion from an incoming address associated
with a write operation;
wherein the address value for at least one of the second
address portion and the third address portion are vari-
able according to a programmable parameter; and
wherein the programmable parameter comprises at least
one of
number of sequential incoming addresses before a
channel address 1s to be changed,
number of sequential ncoming addresses before a die
address 1s to be changed,
number of sequential incoming addresses before an
erase unit address 1s to be changed, and
number of sequential incoming addresses before a page
address 1s to be changed.
28. A memo controller for nonvolatile memory, the non-

volatile memory having storage units at a hierarchically-
superior level and storage units at a hierarchically-inferior
level, each of the storage units at the hierarchically-superior
level associated with a respective, mutually-exclusive subset
of the storage umts at the hierarchically-inferior level, the
memory controller comprising:

circuitry to subdivide incoming addresses, provided by a
host 1n association with host commands, each into first
and second address portions;

wherein the memory controller 1s to i1dentity, for each
incoming address, one of the storage units at the
hierarchically-superior level dependent on the first
address portion;

circuitry to translate the second address portion differently
depending on the 1dentified one of the storage units at
the hierarchically-superior level 1n order to 1dentily one
of the storage units at the hierarchically-inferior level 1in
the mutually-exclusive subset which 1s respective to the
identified one of the storage units at the hierarchically-
superior level;

a register to store at least one host-Programmed setting;;
and

circuitry to control performance of each host command at
a physical location in the nonvolatile memory corre-




US 10,977,188 Bl

33

sponding to the 1dentified one of the storage units at the
hierarchically-superior level and the identified one of
the storage units at the hierarchically-inferior level;

wherein the circuit to translate 1s to select dependent on
the at least one host-programmed setting, an address
mapping function for the identified one of the storage
units at the hierarchically-superior level;

wherein the circuit to translate the second address portion
differently 1s to translate the second address portion 1n
a manner that calculates an address to select the physi-
cal location from the second address portion according
to the address mapping function for the identified one
of the storage units at the hierarchically-superior level,;

wherein the hierarchically-inferior level 1s a first hierar-
chically-inferior level;

wherein the nonvolatile memory has storage units that are
at a second hierarchically-inferior level, each of the
storage units at the first hierarchically-inferior level
associated with a respective, mutually-exclusive subset
of the storage units at the second hierarchically-inferior
level;

wherein each incoming address further comprises a third
address portion;

wherein the circuitry to translate 1s to automatically
identily an address value for each of the first address
portion, the second address portion, and the third
address portion from an incoming address associated
with a write operation;
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wherein the address value for a first one of the second
address portion and the third address portion 1s variable
according to a first programmable parameter;

wherein the address value for a second one of the second
address portion and the third address portion 1s variable
according to a second programmable parameter;

wherein the first programmable parameter comprises a

first one of

number of sequential incoming addresses before a
channel address 1s to be changed,

number of sequential mncoming addresses before a die
address 1s to be changed,

number of sequential mcoming addresses before an
erase unit address 1s to be changed, and

number of sequential incoming addresses before a page
address 1s to be changed; and

wherein the second programmable parameter comprises a

second one of

number of sequential incoming addresses belore a
channel address 1s to be changed,

number of sequential incoming addresses before a die
address 1s to be changed,

number of sequential incoming addresses before an
erase unit address 1s to be changed, and

number of sequential incoming addresses before a page
address 1s to be changed.
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